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R adiation therapy (RT) has been established as one of the important advances in the treatment of breast cancer after mastectomy or breast-conserving surgery. 1 Patients receiving RT for breast cancer in acute or chronic courses may have a range of upper limb problems, such as loss of sensation, muscle weakness, and pain in relation to brachial plexus injury. 2 The nerve damage induced by RT is caused by intense fibrotic nerve compression in the peripheral tissues from ischemic changes due to circulatory impairment, as well as from axonal injury and demyelination. 3 A complete understanding of the brachial plexus injury in each patient is necessary for appropriate management. Brachial plexus injuries are generally evaluated by a clinical examination, electromyography (EMG), and imaging studies such as computed tomography, magnetic resonance imaging (MRI), and ultrasonography (US). 4 Magnetic resonance imaging is the preferred imaging modality for evaluating brachial plexus injuries. However, MRI is expensive, time-consuming, not applicable to patients with metal devices, and not always available in every hospital. Also, the use of a gadolinium contrast agent is frequently required. Therefore, other modalities may be needed for determination of brachial plexus injuries.
Elastography is a noninvasive US technique for estimating the elastic properties of tissues. Currently, 2 basic elastographic techniques are in use: strain elastography using manual compression and shear wave elastography (SWE) using waves generated by transducers. 5 Nowadays, the connection between tissue elasticity and histologic characteristics has been highlighted for differentiating lesions both in evaluations of various tumor tissues and in the musculoskeletal imaging field. 6, 7 However, as far as we know, no study in the literature investigated the brachial plexus with SWE in patients receiving RT.
The aim of this study was to analyze the elasticity characteristics of the brachial plexus by SWE in patients receiving RT for breast cancer and to compare them with their contralateral brachial plexus to evaluate whether elasticity properties can be used as supporting findings for the early diagnosis of brachial plexus involvement in patients receiving RT. In addition, elastographic values were compared with nerve conduction study results and other clinical findings.
Materials and Methods

Patients
Approval for the prospective design of this study was obtained from the Institutional Review Board of our university, and written informed consent was obtained from all of the participating volunteers. A prospective analysis with EMG and SWE was performed on 23 brachial plexuses of patients receiving RT for breast cancer and their contralateral brachial plexuses. In all patients, brachial plexus injuries such as shoulder trauma, tumors, and inflammation were ruled out, as these conditions may be accompanied by brachial plexus abnormalities.
Patients receiving postoperative RT for breast cancer were directed to our clinic for evaluation of brachial plexopathy. The RT-induced brachial plexopathy assessment was based on anamnesis, neurologic examinations, and nerve conduction studies.
Radiation-induced brachial plexopathy was staged according to the modified Late Effects Normal Tissue Task Force-Subjective, Objective, Management, Analytic (LENT-SOMA) scoring system 8 (Table 1) . Nerve conduction and elastographic examinations were performed bilaterally, and the non-RT sides of the patients were used for comparison. A Medelec Synergy EMG device (Cardinal Health, Dublin, OH) was used for nerve conduction studies. Evaluations were done by the same investigator, and superficial electrodes were used in the recordings. All data were collected in a slightly dim and silent room, where patients were placed in a supine position. Room temperature was 25 8C, and skin temperatures of 31 8C to 32 8C were recorded.
Fourteen of the patients received RT on the left side, and 9 received RT on the right side. Patients received a total dose of 48.17 6 4.41 Gy to thoracic wall/intact breast tissue with a conventional scheme of a 180-to 200-cGy daily single fraction over 4 to 6 weeks. Supraclavicular fossa irradiation as well as detailed technical specifications and dose-volume histograms were not sorted out for practical reasons, but the radiation dose was limited to 46 to 50 Gy for the brachial plexus. Before SWE and EMG, late radiation effects on skin and soft tissues were not detected in any of the patients.
Neuropathic pain was investigated with the Douleur Neuropathique 4 (DN4) questionnaire. The DN4 comprises 10 items grouped into 4 inquiries: 7 items relating to the pain description (burning, painful, cold, and electric shocks) and to its related anomalous sensations (tingling, pins and needles, numbness, and itching; DN4 interview), and the other 3 items are related to a neurologic examination in the painful area (touch hypoesthesia, pinprick hypoesthesia, and tactile allodynia). For scoring, 1 is given to each positive and 0 to each negative item (total score range, 0-10). The cut-off value for diagnosis of neuropathic pain is a total score of 4. This questionnaire has been validated in Turkish by UnalCevik et al. [9] [10] [11] Shear Wave Elastography Shear wave elastography was performed with a digital US device (LOGIQ E9; GE Healthcare, Waukesha, WI) using a linear 6-9-MHz multifrequency transducer. Shear wave elastographic examinations were performed by a radiologist who had 2 years of experience in elastography. Brachial plexus examinations were performed supine with the head turned toward the contralateral side, and images were obtained through the interscalene region (between the anterior and middle scalene muscles) using horizontal axial slices. Elastographic and grayscale images on the US device were displayed at the same time in a dual mode. After identification of the brachial plexus on grayscale US, SWE images were obtained with the same transducers. A quantitative analysis of the brachial plexus with SWE was performed, with values in kilopascals on a color scale ranging from 0 (red, soft) to 150 (dark blue, hard) kPa. The elastographic examination was continued until a stable image without compression and static and moving (at least 10 seconds per case) images were recorded digitally. Quantitative elasticity values were obtained with at least 3 measurements in the range of 2 to 4 mm around the margin of the brachial plexus ( Figure 1 ).
Statistical Analyses
Statistical analyses were performed with the SPSS version 16 program (IBM Corporation, Armonk, NY). The normal distribution suitability of variables was examined by Kolmogorov-Smirnov and Shapiro-Wilk tests.
Descriptive statistics were calculated as mean 6 standard deviation. The Mann-Whitney U test and Spearman test were used to compare the RT side and the healthy side, and the Spearman correlation coefficient was used for a bivariate correlation analysis in the groups of patients. The statistical significance level was P < .05.
Results
Twenty-three female patients were included in the study (age range, 36-73 years). Table 2 shows the demographic and clinical characteristics of the patients. Shear wave elastographic and EMG examinations of the brachial plexus were performed at a mean of 34.13 6 23.53 months (range, 6-84 months) after the RT. On contralateral and ipsilateral sides of all patients receiving RT, conventional US images of the brachial plexus showed a homogeneous echo texture, including round to oval hypoechoic structures with small internal punctuate echoes. Abnormal finding on US screening at the level of the brachial plexus were not detected. There was no statistically significant difference between the mean transverse diameters of the brachial plexuses of the RT and non-RT sides (8.0 6 0.9 versus 8.0 6 0.6 mm, respectively; P 5 .7). SWE values were 51.0 6 14.0 kPa for the ipsilateral brachial plexuses of patients receiving RT and 18.0 6 4.2 kPa for the contralateral brachial plexuses (Figures 2-4) . Statistically significant differences were observed between the groups in the analysis of SWE values (P < .001). On the RT side, the radial nerve sensory amplitude (DSAP) was lower in 30.4% of the patients; lateral and medial antebrachial cutaneous nerve sensory velocities were decreased in 73.9% and 56.5% of the patients, respectively; and supraclavicular nerve motor latency was found to be prolonged in 8% of the patients. There was a significant difference between the RT side and the non-RT side in terms of the radial nerve sensory amplitude, medial and lateral antebrachial cutaneous nerve velocities, and medial antebrachial cutaneous and supraclavicular nerve latency (P < .05; Table 3 ). No significant correlation was found between these nerve conduction parameters and elastographic values (P > .05).
According to the modified LENT-SOMA scoring system, 17 (73.9%) of the patients were stage 2, and 6 (26.1%) were stage 3. There was no statistically significant difference between the stage 2 and 3 groups in terms of the elastographic values and transverse diameters (P < .05; Table 4 ). There was no correlation between the duration of follow-up after RT and SWE values in the Spearman correlation test (P 5 .472).
According to the DN4 test, 30.4% of the patients had neuropathic pain. There were no significant correlations between DN4 values and transverse diameters of the brachial plexuses, SWE values, RT doses, or dose durations (P > .05).
A receiver operating characteristic curve analysis gave a value of 0.000 (95% confidence interval, 0.923-1.000; P < .001). An SWV value of 25.5 kPa had very high sensitivity and specificity (100% and 100%, respectively) for the ipsilateral and contralateral brachial plexuses of patients receiving RT.
Discussion
To our knowledge, this study was the first to quantify brachial plexus elasticity using SWE. In this study, we Changes in the elasticity of tissues are very useful for distinguishing pathologic changes from the normal variants. Musculoskeletal tissues are well positioned for elastographic examinations, and SWE has been reported to be a superior technology compared with strain elastography because it provides quantitative measurements of the tissue elasticity in kilopascals. 12 In our study, the mean ipsilateral brachial plexus elasticity value was significantly higher in patients receiving RT (51.0 6 14.0 kPa) compared with the contralateral brachial plexus (18.0 6 4.2 kPa). In the receiver operating characteristic curve analysis, a cutoff SWE value of 25.5 kPa had very high sensitivity and specificity for the ipsilateral brachial plexuses of patients receiving RT.
The incidence of plexopathies in patients who have received RT for breast cancer has declined in recent years with improvements in device technology that allow better tolerance of normal tissue and better regulation of the intratissue dose distribution. However, brachial plexopathies may be clinically evident as temporary or permanent due to RT. 13, 14 Radiation doses per fraction higher than 50 Gy in total and large RT sites increase the risk of plexopathies. 15 In addition to radiation, surgical procedures, such as extensive axillary dissection, concurrent or sequential neurotoxic chemical treatment, advanced age, hypertension, diabetes, and accompanying connective tissue disorders in clinical cases increase the probability of the emergence of plexopathy. Early plexopathies caused by relatively low doses are very rare, and they usually occur within 1 year after RT. In later periods, plexopathy developing months or years later may be asymptomatic or lead to paresthesia or motor weakness. 3, 15 Up to 20% of patients with late-onset plexopathy can have severe pain and paralysis in the upper extremity. Although the pathogenesis of radiationinduced damage is not fully explained, a number of mechanisms have been described. For radiation-induced damage in relatively slow-growing peripheral tissues, it is suggested that progressive fibrosis causes nerve compression. However, ischemic changes causing direct nerve damage due to axonal injury, demyelination, and environmental disturbances in the capillary circulation are also responsible. Acute inflammation induced by radiation in the tissue may progress to cyclic chronic inflammation over months and years, followed by active fibrotic processes leading to fibroatrophy. 3, [13] [14] [15] [16] [17] [18] We suggest that an increased ipsilateral brachial plexus elasticity value in patients receiving RT may be associated with hardening and fibrosis of the brachial plexus. Furthermore, harder elastic characteristics in these patients may be early warning signs of brachial plexus involvement.
Although computed tomography or US can be used for imaging of the brachial plexus, MRI is the modality of choice for this purpose because of its high tissue contrast and multiplanar capabilities. However, MRI examinations are costly, time-consuming, and not always available, and some patients have contraindications such as cardiac pacemakers or claustrophobia, and MRI often requires the use of a gadolinium contrast agent for disease diagnosis. Although EMG may be used for the diagnosis of brachial plexus involvement, results may be normal. Electromyography can be uncomfortable for patients because of the needle used, and it is performed with caution in patients receiving anticoagulation and patients with lymphedema. 19 In this study, there was no statistically significant difference between stage 2 and 3 groups on the LENT-SOMA scoring system in terms of the elastographic values. The DN4 is one of the questionnaires that can be helpful in diagnosing neuropathic pain. In our study, no significant difference was found between the SWE values of the neuropathic and non-neuropathic patient groups on the DN4 questionnaire. However, in our study, SWE values were high for the brachial plexuses receiving RT, regardless of symptoms, clinical findings, and nerve conduction findings. Shear wave elastography is a practical, rapid, noninvasive, and low-cost imaging modality. In light of the above data, we think that SWE could be used as a new approach in the evaluation of the brachial plexus and may be a useful method in the early diagnosis and follow-up of brachial plexopathy.
There were some limitations to our study. First, the number of patients was relatively small. Second, although the subclavian artery was kept away from the examination area, artery pulsations may have affected the diagnostic performance of SWE. Third, an MRI correlation with the elastographic findings was not performed. Fourth, RT-induced brachial plexopathy is difficult to distinguish from recurrent tumors and radiation fibrosis. Fifth, interobserver and intraobserver variability were not assessed in our study. Finally, needle EMG could not be done.
In conclusion, SWE showed that the brachial plexuses of patients receiving RT are stiffer than the unaffected brachial plexuses. Brachial plexus stiffening may be associated with fibrotic processes. Real-time SWE is a reproducible, noninvasive, and low-cost imaging modality. These advantages indicate that SWE might be a useful method worthy of wider use in evaluating the brachial plexus. However, further studies will be required on various brachial plexus injuries such as mechanical, metabolic, infectious, paraneoplastic, and neoplastic to more precisely understand and interpret SWE findings in the brachial plexus. Elastography is a successful method for evaluating the brachial plexus according to our study. In addition, almost all patients who received RT were seen to have an affected brachial plexus on SWE. Our elastographic findings suggest that patients receiving RT need more attention and additional precautions to protect the brachial plexus. The fact that the LENT-SOMA and nerve conduction findings did not correlate with the elastographic findings suggests that adding elastography to brachial plexus evaluations will make a substantial contribution.
